Abstract. We measured tree damage and mortality following a catastrophic windthrow in permanent plots in an oak forest and a pine forest in central Minnesota. We monitored changes in forest structure and composition over the next 14 years. Prior to the storm, the oak forest was dominated by Quercus ellipsoidalis, and the pine forest by Pinus strobus. The immediate impacts of the storm were to differentially damage and kill large, earlysuccessional hardwoods and pines. Subsequent recovery was characterized by the growth of late-successional hardwoods. In both forests the disturbance acted to accelerate succession. Ordination of tree species composition confirmed the trend of accelerated succession, and suggested a convergence of composition between the two forests.
Introduction
Windstorms is one of the most important kind of disturbance in forests, after anthropogenic disturbances and fire (Perry 1994) . In the Upper Midwest, moderate wind damage (20-50% canopy removal) has been calculated to occur once or twice in the life span in a cohort of trees (Frelich & Lorimer 1991) . Furthermore, global climate models predict increased frequencies of thunderstorms and tornadoes in mid and high latitudes (Overpeck et al. 1990) , suggesting that wind disturbance will become an even more important force impacting the structure and dynamics of the forests in this region. A number of models have been proposed to describe the impact of disturbances on forest dynamics. The classic succession model of Clements (1916) viewed disturbance as interrupting succession and re-initiating seral development. More recently, disturbance models have described disturbances as creating a heterogeneous mosaic of patches of different successional status, resulting in an increase of vegetation diversity (Pickett & White 1985 studies, disturbance has acted to accelerate succession by removing early-successional species, allowing for a more rapid growth of late-successional species (Lorimer 1980; Abrams & Scott 1989; DeCoster 1996) .
While many studies have examined the immediate impacts of windstorms on forest vegetation, few have examined post-storm changes beyond several years, and consequently have not been able to evaluate these forest dynamic models with respect to wind disturbance. In 1983 we established permanent plots in two forests immediately following a catastrophic windstorm in Cedar Creek Natural History Area, Minnesota. Our objective is to document the immediate impacts of the storm, and the changes in forest structure and composition in the 14 years following the storm.
Material and Methods

Study site
We conducted our study in the Cedar Creek Natural History Area (CCNHA), one of the U.S. National Science Foundation's Long Term Ecological Research (LTER) sites, located in Anoka and Isanti Counties, Minnesota, USA. CCNHA is located on the Anoka sand plain, with relatively nutrient-poor and well-drained soils (Tilman 1988 ). On July 3, 1983, straight-line winds caused substantial mortality in a number of forests throughout CCNHA. We established permanent plots in two sites: an oak forest dominated by Quercus ellipsoidalis (the CCNHA population is apparently a genetic mixture of Q. ellipsoidalis and Q. rubra ; Swain 1972) , and a pine forest dominated by Pinus strobus. Since the pine forest has the appearance of an even-age structure and P. strobus typically colonizes oldfields, we believe this site is of an earlier successional stage than the oak forest. Neither site had any signs of cutting or other major recent anthropogenic disturbance, although the presence of pines in the oak forest suggests disturbance in the past century.
Sampling
Within two weeks following the storm, we established a 50 m × 50 m plot in the oak forest, and a 60 m × 50 m plot in the pine forest. For each living and dead stem greater than 1 cm diameter, we collected the following data: diameter at breast height (DBH; measured at 1.4 m), species, damage type and mortality. Damage types (noted for both living and dead trees) included undamaged, snapped, uprooted, and light damage (trees that were leaning, pinned, or with crown or bark damage). In instances of multi-stem trees, stems were included if they originated from the main stem below 1.4 m in height. During the first sampling, we were able to distinguish between trees that were killed during the windstorm and trees that were dead at the time of the storm, and thus we were able to reconstruct both prestorm and post-storm forest structure. We resampled the plots in 1990, 1993, and 1997 to assess subsequent growth, mortality, and establishment of new stems.
Data analysis
We used multiple logistic regression (statistics were implemented using SAS (Anon. 1990 ) to determine the factors contributing to tree damage and tree mortality. Logistic regression uses the logit function to allow prediction of probabilities from a linear function of independent variables (Hosmer & Lemeshow 1989) . We performed three logistic regressions: one that examined the effects of tree characteristics on mortality, a second that examined the effects of damage type on mortality, and a third that examined the effects of diameter and species on damage. In the first regression, we examined whether or not a tree was killed immediately following the storm as a function of tree diameter and species. The seven most abundant species (n > 25) were entered as dummy variables, with each species being compared to the combined unspecified species. In the second regression, we examined tree mortality as a function of damage type, with diameter included as a covariate. The three damage types were entered as dummy variables, and were compared to undamaged trees. In the third regression, we examined whether or not a tree sustained any type of damage (including trees that died from their damage) as a function of tree diameter and species. As with the first multiple regression, the seven most abundant species were entered as dummy variables and compared to undamaged trees. We tested all three models for interactions and quadratic functions. No interactions were significant in the second mortality model and in the damage model, and hence such terms were excluded from these. We did not include a site variable in the regression models because species composition varied so much between the forests, and therefore might obscure a species effect. Nevertheless, some patterns may result from site differences.
Ordination techniques help to explain community variation (Gauch 1982) and can be used to evaluate trends through time as well as space (Franklin et al. 1993; Arévalo et al. 1999; ter Braak & Šmilauer 1998) . We used Detrended Correspondence Analysis (DCA; Hill & Gauch 1980, CANOCO package; ter Braak & Šmilauer 1998) to examine how species composition changed through time, and whether the two sites behaved similarly. We performed separate analyses using tree basal area and tree density. Ordinations were run using a data set consisting of the two sites (pine and oak) at five different time intervals: 1983 -before the storm, 1983 -after the storm, 1990, 1993, and 1997 .
Results
The forests differed in pre-storm structure and composition. The pre-storm basal area and the density (for stems with dbh > 2.5 cm) of the oak forest were 28.97 m 2 /ha and 1104.00 individuals/ha respectively ( Table  1 ). The dominant species was Quercus ellipsoidalis, although Populus grandidentata and Pinus banksiana also had high basal area. The pre-storm basal area and density of the pine forest was 41.94 m 2 /ha and 1069.20 individuals/ha (Table 2) . Pinus strobus dominated, while the remaining species contributed a small portion of the basal area.
The first logistic regression model of mortality shows that the probability of being killed varied with respect to species and diameter (Table 3 ). The range of diameter used was all stems higher than 2.5 cm dbh. All but two species (Acer rubrum and Prunus serotina) were significantly (p < 0.05) different from the unspecified species either as main effects or interactions. The relative susceptibility to mortality for each species varied with diameter, with species generally increasing in susceptibility with size, although two species (Pinus strobus and Quercus ellipsoidalis) showed significant decreases in susceptibility (Table 3 , Fig. 1a ). A univariate model of diameter showed that when considered by itself, mortality increases with diameter (Wald χ 2 = 11.454, p = 0.0007), with no significant quadratic effect (Wald χ 2 = 1.149, p = 0.2838).
The second logistic regression shows that the probability of a tree dying varied with respect to damage type. All damage classes showed significantly higher mortality than undamaged trees (Table 4) . Diameter was not significant, indicating that within damage types, mortality did not vary with size. Not surprisingly, snapped and uprooted trees had higher mortality than trees with light damage (Fig. 1b) . The third logistic regression focused on damage, including both living and dead trees. The probability of damage varied with respect to diameter and species (Table 5) . Species varied in their damage probabilities, creating a hierarchy of relative susceptibilities (Fig. 1c) . Betula papyrifera, Pinus strobus and Populus grandidentata showed significantly higher damage probabilities than trees of unspecified species. Damage probability also increased with diameter. A univariate model of damage as a function of diameter was also highly significant (Wald χ 2 = 24.453, p = 0.0001), although a quadratic term Fig. 1 . Logistic models for mortality and damage probability. a. Mortality probability as a function of diameter for seven species (> 25 individuals with ≥ 2.5 cm DBH), as calculated by the logistic mortality model. b. Mortality probability as a function of damage type. c. Damage probability as a function of diameter for seven species, as calculated by the logistic damage model. These probabilities are only to be considered within the diameter range of each species. ACRU = Acer rubrum BEPA = Betula papyrifera FRNI: Fraxinus nigra PIST = Pinus strobus POGR = Populus grandidentata PRSE = Prunus serotina QUEL = Quercus ellipsoidalis MISC = all species not specified in the model.
was not (Wald χ 2 = 1.565, p = 0.2109).
The two forests differed in their initial response to disturbance, and their recovery following disturbance. The basal area of the oak forest was reduced to 42% of the pre-storm level, and in 14 years recovered at 81% of the pre-disturbance level. The pine forest was more greatly impacted. Its basal area was reduced to 29% of the pre-storm level and recovered only to 43% (Fig. 2a) . Tree density in the oak forest quickly increased to well above the initial values, but experienced a decline from 1993 to 1997. In contrast, in the pine forest, tree density returned to near pre-storm levels in 1997 (Fig. 2b) .
The size distribution of stems over the 14 yr of the study (Fig. 3) clarifies the forest dynamics of these two sites. In both forests, all size classes showed decreases in stem number immediately following the storm due to mortality. In the pine forest, three of the size classes greater than 15 cm showed recovery approximating their pre-storm densities, while three were substantially smaller. Size classes 15 cm and smaller had densities that exceeded the pre-storm levels. In the oak forest, however, the larger size classes demonstrated recovery approximating their pre-storm densities. The smaller size classes also showed a large increase in stems that exceeded prestorm densities, but the two smallest size classes showed declines between 1993 and 1997.
Prior to the storm, Quercus ellipsoidalis was the dominant species of the oak forest and it remained so throughout the 14 years of the study. The basal area of Q. ellipsoidalis was reduced to 79% of the pre-storm level, but by 1997 it exceeded the pre-storm level (Table  1) . Betula papyrifera, Populus grandidentata, Pinus banksiana and P. strobus suffered large reductions in basal area, which they did not recover after 14 yr. Acer rubrum and Fraxinus nigra were originally minor components of the forest, but by 1997 had increased in basal area 17-fold and 9-fold, respectively. In the pine forest Pinus strobus was the dominant species in terms of basal area and remained dominant throughout the study. P. strobus was reduced to 28% of its pre-storm basal area, but after 14 yr its basal area had recovered only to 35% of its pre-storm level (Table 2). Betula papyrifera also showed a large reduction in basal area, and did not recover to its pre-storm level. In contrast, a number of species showed large increases in basal area throughout the study, including
Acer negundo, Acer rubrum, Fraxinus nigra, Prunus pensylvanica, Prunus serotina, Quercus alba, Quercus ellipsoidalis, Ulmus americana and Zanthoxylum americanum.
Changes are not restricted to changes in abundance; there were also new appearances and disappearances. In the oak forest (Table 1) disappearances in the pine forest, but there were five new species: Amelanchier spec., Rhamnus cathartica, Rhamnus frangula, Rhus typhina and Vitis riparia (Table 2) . It is possible that some of the appearances and disappearances do not reflect true introductions and extinctions, but rather recruitment from, and dieback to, smaller size classes.
Differences in the composition and dynamics of the two forests are seen in an ordination based on basal area (Fig. 4) . The first ordination axis shows a strong site effect, with species typical of the pine forest on the left and species typical of the oak forest on the right (Fig. 4) . The second axis appears to be a temporal effect, with species that increased through time at the top, and those which decreased at the bottom. Third axis explained a low proportion of variability and did not reveal any interpretable pattern for species or sites. Note that the initial effects of the disturbance (i.e. comparing the 1983 site scores before and after the storm) are in the same direction as the change in later years. This suggests that the species that best survived the storm tended to exhibit rapid growth following the storm. A convergence process is confirmed by the ordination. Pine forest follows a path in ordination space towards oak forest plots. Disturbance could have accelerated the succession of the pine forest.
Discussion
The oak and pine forests of this study demonstrated different dynamics in the 14 years following the windstorm. The storm acted upon the two forests of differing composition by inflicting differential damage and causing differential mortality with respect to species and tree size. In the 14 years following the storm, differential establishment and growth of species determined the successional trajectory of the two forests. Both sites are relatively close to one another (< 1 km) and have similar soil characteristics and flat topography.
The greater damage severity on the pine site could be the result of the dominant, Pinus strobus, being highly susceptible to wind, but we cannot discount the possibility that higher wind speeds or greater exposure may have also contributed to the greater damage on this site.
While mortality generally increased with tree size, two species showed the reverse trend (Pinus strobus and Quercus ellipsoidalis). Mortality has generally been found to increase with tree size (Dittus 1985; Webb 1989; Baldwin et al. 1995) , but a few studies have found small tree sizes to sustain high mortality (Whigham et al. 1991; Milton et al. 1994 ) likely a result of larger trees or branches falling on saplings (Aide 1987; Webb 1989; Clark & Clark 1991 ). However we did not test directly this possibility in our data.
Not surprisingly, trees receiving severe damage (snapping and uprooting) were most likely to be killed. Several hardwood species, including Acer rubrum, Prunus serotina and Fraxinus nigra, experienced low mortality despite being damaged, apparently due to their ability to sprout (DeCoster 1996) .
Large individuals of early successional species, P. strobus, Populus grandidentata and Betula papyrifera had high damage rates. Many studies confirm this trend for large trees (e.g. Webb 1989; Runkle 1990; Peterson & Pickett 1991; Walker 1991) and soft-wooded, early-successional species (Putz et al. 1983; Webb 1989; Foster & Boose 1992) being the most susceptible to wind damage. Some studies found the greatest damage to occur in mid-size trees (see Everham & Brokaw 1996) , but we did not find such a pattern. Factors other than species and diameter are undoubtedly important in contributing to a tree's susceptibility to damage, including crown size (DeCoster 1996) , root architecture (Mergen 1954; Fraser & Gardiner 1967) and presence of rot in the trunk (Webb 1989; DeCoster 1996) .
In the oak forest, early successional species were removed by the storm. The basal areas of P. strobus, P. grandidentata and B. papyrifera were severely decreased by the storm, and their recovery was minor in terms of relative species dominance. Other early successional species, P. banksiana and P. resinosa were completely removed by the storm and did not recover. The dominant, Quercus ellipsoidalis, however, showed relatively little damage, thus maintaining its dominance throughout forest recovery. Several later successional hardwood species, including Fraxinus nigra and A. rubrum, increased their dominance following the storm. The storm appears to have accelerated succession, by removing the early successional species, thus allowing for the growth of the dominant Q. ellipsoidalis and other latesuccessional hardwoods. Recovery from the disturbance has proceeded relatively rapidly as evidenced by the regrowth of basal areas, the closure of canopy (pers. obs.) and the death of many saplings in the final census.
The windstorm caused much greater changes in the composition and structure of the pine forest. As with the oak forest, the early successional species sustained high damage and mortality, allowing for the rapid growth of understory hardwoods. The canopy dominant, P. strobus, was highly susceptible to damage, and thus the forest as a whole was severely impacted. The result of the high damage in the pine forest was an even greater acceleration of succession than in the oak forest, in the sense that hardwoods replaced pines.
However, there were trends in the pine forest that suggest an 'accelerated succession' model might be too simplistic. A number of the increasing species are typical of early succession (e.g. Prunus serotina, P. pensylvanica, and Rhus typhina). These apparently found regeneration opportunities with the increase of light and exposed soils in the tip-up mounds (Hutnik 1952; Webb 1988; Schaetzl et al. 1989; Peterson & Pickett 1990 ). There were also severely damaged areas in the pine forest with little tree regeneration (pers. obs.). In these areas, the lush growth of understory plants (including Rubus spp. and Polygonum cilinode; see Palmer et al. 2000 , this issue), may have hindered tree establishment (Graves 1995) . While accelerated succession seems to be occurring, the forest may actually be a mosaic of patches experiencing different dynamics. However, we did not test for such a mosaic model.
The ordination illustrates the occurrence of accelerated succession in both forests. Each forest follows a path in ordination space towards more shade-tolerant, later successional species. The initial effects of the disturbance on species composition were qualitatively similar to succession following disturbance. Thus the 'acceleration' is both an immediate and a subsequent effect of disturbance.
The ordination reveals a strong gradient related with the site (axis I) and a temporal effect (axis II). The trajectory of the pine forest in ordination space points diagonally towards the oak forest trajectory, which suggests that it is becoming more similar in composition to the oak forest. Compositional convergence would be likely if the rate of change is greater in the pine forest than the oak forest. It is difficult to make definitive statements about convergence, however, as studies of successional convergence are greatly affected by temporal and spatial scales as well as the sampling design (Lepš & Rejmánek 1991) .
This study illustrates the impacts of a windstorm on the dynamics of two forests that differ in composition. The storm acted to differentially damage and kill earlysuccessional pines and hardwoods, allowing for the rapid growth of understory hardwoods. In the pine forest, where the susceptible trees were dominant, damage was severe and changes in species composition were dramatic. In the oak forest, where the susceptible trees were a relatively minor component, damage was less severe. Changes in this forest's composition were relatively minor, and forest recovery appeared to proceed rapidly. In both forests, however, the disturbance acted to accelerate succession, increasing the rate of compositional change from early successional pines and hardwoods to late-successional hardwoods. However, the 'accelerated succession' model in the pine forest may be somewhat simplistic; successional change in this forest appeared to possess elements of a mosaic model. There was some evidence of compositional convergence between the two sites.
